Abstract: Nanoparticles (NPs) of ZnO and CuO are used in an array of different commercial products. NPs could be introduced into soils by contamination after production from distribution and use, especially from their end-of-life fate. Purposeful introduction to soils may occur in formulations as pesticides, because of their antimicrobial properties, and as fertilisers, to increase the loading of the essential metals Zn and Cu into plant tissues. Use as fertilisers must ensure that application rates do not lead to phytotoxicity. Dose-dependent phytotoxicity is seen in several crops including wheat, Triticum aestivum, when grown hydroponically or in sand. Phytotoxicity is evidenced in wheat by reduced growth and higher tissue loads of Cu or Zn than control plants. Soil properties, however, can mitigate phytotoxicity. Growth reduction in the wheat seedlings was not observed when an alkaline calcareous field soil with initial pH of 8.3 was amended with 300 mg Cu/kg soil from CuO NPs although metal loads increased in the shoots, paralleling observations with ZnO NPs. Phytotoxicity of both NPs was evident in acidic commercial field soils. The level of soluble metal released from the NPs in the aqueous phase varied with soil. Solubility was determined by the soil water pH and in part by the nature of the materials present in the plant root exudates. For example, a typical root exudate, citrate, at pH 5, dissolved more Cu from CuO NPs than did a suspension in water. These findings indicate that phytotoxicity of these metal oxide NPs in soils will vary with the properties of the soils. Consequently soil properties will influence how the NPs could be used as fertilisers.
Introduction
Plant nutrition is in part governed by the bioavailability of minerals from the soil. Both Cu and Zn are essential elements for cell function [1, 2] . Worldwide certain soils show deficiencies in copper (Cu) and zinc (Zn) that affect plant growth and the quality of the plant material as a food source [3, 4] . For instance diets that are based on Zn-deficient crops affect one third of the world's population and result in reduced growth and impaired human health [4] . It is possible that ZnO and CuO nanoparticles (NPs) could be formulated into fertilisers for crop use to help alleviate the problems of metal bioavailability. This possibility is proposed because increased levels of metals occur in plants grown with roots exposed to the NPs in a sand matrix or under hydroponic conditions [5, 6] . In sand growth, dose-dependent toxicity is observed; root growth is impaired generally to a greater degree than shoot growth [6, 7] .
Fewer studies have focused on the effect of soil properties on phytotoxicity of NPs [8] [9] [10] . Recently our group published [10] that phytotoxicity of ZnO NPs for wheat (Triticum aestivum) was negated during growth on a calcareous alkaline soil whereas severe toxicity occurred when the seedlings were raised in an acidic soil. Toxicity, manifest as reduced root growth, occurred in the acid soil with doses of 125 mg Zn/kg soil and higher from the ZnO NPs [10] . In this paper, we addressed the fate of plants in the calcareous alkaline soil and the acidic soil with amendments of CuO NPs; information on the characterisation of the NPs is published [6, 7] . Using growth conditions previously described [6, 7, 10 ] the growth of wheat seedlings was measured in the presence and absence of the NPs. We examined the loading of metals into the shoot tissues and determined the levels of soluble metal detected in the aqueous fraction of the soil. We discuss the soil properties that influence phytotoxicity and thus factors that should be considered when addressing the formulation of NPs as fertilisers in agriculture.
Results and discussion

Effect of addition of CuO NPs to an alkaline calcareous soil on wheat growth
Wheat seedlings, cultivar Doloris, planted as seeds into an alkaline calcareous soil pH 8.3, showed no phytotoxicity from amendments with 100 and 300 mg Cu/kg soil as CuO NPs (Figure 1 ). The CuO NPs were from a commercial source (Sigma Chemical Company MO, USA) and used 'as is' [6, 7] . The particles had dimensions less than 50 nm; aggregates of these NPs readily formed with suspension in water [6, 7] . Root and shoot growth in the alkaline soil was not significantly different from that of the control plants after 7 d exposure ( Figure 1 ). This finding of mitigation aligned with the observation that root shortening, characteristic of growth in ZnO NP-amended sand, did not occur in the alkaline pH 8.3 soil (10). Similar to the data with ZnO NPs in acidic soil (10) , phytotoxicity occurred with CuO NPs, 300 mg Cu/kg soil ( Figure 1 ). The changes in morphology are illustrated in Figure 2 . Thus, the phytotoxicity of CuO NPs was mitigated in the alkaline soils at doses that impaired root elongation in an acidic soil. 
Plant metal loading
The leaves of the seedlings, grown in the calcareous alkaline pH 8.3 soil, displayed a dose-dependent increase in accumulation of Cu ( Figure 3) ; the level in the plants grown with 300 mg Cu/kg alkaline soil was two-fold above that of control plants. The level of Cu in the leaves grown in the acidic soil amended with CuO NPs was over four-fold higher than observed with the control plants ( Figure 3 ). 
Soluble Cu released from the NPs during seedling growth
The aqueous fraction of the soils contained higher levels of soluble Cu after plant growth with exposure to CuO NPs (Table 1(A)) . Consistent with pH effects on dissolution of the CuO NPs [11] , the level of soluble Cu was higher for the acidic soil than for the alkaline soil. These levels of Cu in the aqueous fractions from the planted soil microcosms were above that measured in water (Table 1(B) ). We speculate that solubility was improved in the planted microcosms because of the effects of chelation of Cu released from the NPs by metabolites exuded from plant roots. Wheat roots secrete many metabolites, including organic acid anions, such as citrate and malate [12,13, and unpublished data]. The levels of organic acid anions in root exudates are correlated with tolerance to metal stress [14] . As shown in Table 1 (B), the solubility of CuO NPs increased in the presence of the Cu-chelator, citrate, although the pH became more alkaline. Table 2 shows the predicted log K values for the complexation of Cu (II) and Zn ions with organic acid anions detected in wheat root exudates [12 and unpublished data] . These values predict that chelation would be most effective with citrate, but occurs also with the other organic acid anions.
Figure 3 Shoot accumulations of Cu in wheat seedlings increased with applications of CuO NPs
into soils. Data show the Cu loading into shoots of 7 day-old wheat grown in acidic or alkaline soils amended with CuO NPs. Shoots from 15 plants were pooled from three different studies and assayed: data are means with standard error of these three independent studies. Metal levels were assessed by inductively coupled plasma mass spectrometry (ICP-MS) of digested dried shoots [10] .Bars with the same letter are not significantly different at P = 0.05 (see online version for colours)
Table 1 Solubility of Cu from CuO NPs is influenced by environment
A. Soluble Cu and pH in aqueous fractions from alkaline calcareous or acid soil after 7 d plant growth with and without CuO NPs amendments. Soluble Cu was determined in the aqueous fraction obtained by shaking 20 g soil from the plant growth microcosms after plant harvest in 50 ml sterile water for 30 min. The pH was determined at room temperature with a pH meter authenticated for readings at pH 5 and pH 7 using standard buffers. The pH of three different samples of the washes was recorded: data are the mean with standard deviation. The supernatant was centrifuged twice for 10 min at 15,000 g to remove insoluble matter such as the NPs before assay by inductively coupled plasma mass spectrometry (ICP-MS). NA not available. 
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Conclusions
Soil pH was a major factor in mitigation of phytotoxicity caused by CuO NPs, and confirmed the results observed with ZnO NPs [10] . Root exudate components also could have contributed to NP dissolution. The dose of 300 mg Cu/kg soil from CuO NPs that was phytotoxic in an acidic soil did not have an impact on wheat seedling growth in an alkaline calcareous soil. The lower accumulation of Cu into the plant shoots from root exposure to the NPs in alkaline soil vs. acid soil was associated with lower levels of soluble metal being measured in the alkaline soil aqueous fraction than those from the acid soil. However, even in the alkaline soil, accumulation of Cu was higher in the seedling shoot tissue when the soil was amended with CuO NPs compared to the controls. These findings support the concept that the metal oxides can be used to deliver essential metals to the plants under conditions where metal ion bioavailability is limited. Increased metal load into the shoots illustrate that the metal oxide NPs could be used to formulate fertilisers to enhance plant function and the nutritional value of the crops when used as a food source. Such applications could be extremely valuable in alkaline soils. However dosage would have to be considered to avoid phytotoxicity in acidic soils. The use of nanoparticles to provide localised, targeted and maintained release of essential metal to the plant could become increasingly important as the global supplies of these metals become limited [16] .
